Sustained accumulation of excitatory amino acids and other neuroactive substances may contribute to the delayed progression of infarction in focal ischemia. Following occlusion of the left middle cerebral artery (MCAO), extracellular amino acid and purine catabolite concentrations as well as local CBF were repeatedly monitored for up to 15 h in auditory (A) and somatosen sory (SF) cortices of seven halothane-anesthetized cats using microdialysis/HPLC and hydrogen clearance. MCAO resulted in persistent reduction of local CBF, which was more severe in A (n = 6) than in SF (n = 6). Accordingly, higher transmitter amino acid and purine catabolite concentrations were found in A than in SF dur ing ischemia. Aspartate, glutamate, and ,),-aminobutyrate (GABA) as well as hypoxanthine and inosine reached maximum levels 1-2 h after onset of ischemia (15-, 7-, 31-, 8-, and 14-fold increases, respectively). Maximum levels remained almost constant, with the exception of inosine, Abbreviations used: A, auditory cortex; ANOYA, analysis of variance; GABA, -y-aminobutyrate; MeA, middle cerebral ar tery; MeAD, MeA occlusion; NMDA, N-methyl-D-aspartate; PBS, phosphate-buffered saline; SF, somatosensory cortex.
Recent reports have shown that in rats, brain in farcts reach their maximal extent within 2-4 h after middle cerebral artery (MCA) occlusion (MCAO) (Kaplan et aI., 1991; Memezawa et aI., 1992) , while in cats and monkeys, the time of ischemia neces sary to complete infarction was 6-8 h (Sundt et aI., 1969; Sundt and Waltz, 1971; Weinstein et aI., 1986) . In all these studies of the "temporal thresh old" for infarction, ischemia of variable duration was followed by long periods of reperfusion. Recir culation of brain tissue itself, however, may influ ence the size of infarction. It is unclear, therefore, whether the evolution of brain infarcts is truly com plete at the times found in experiments with tran sient ischemia followed by reperfusion.
The toxicity of glutamate and of other excitatory amino acids probably contributes to neuronal injury in the ischemic brain (Rothman and Olney, 1986; Choi et aI., 1987; Benveniste, 1991) . These sub stances increase particularly in brain regions that are vulnerable to ischemia, e.g., hippocampus (Benveniste et aI., 1984; Hagberg et aI., 1985) , stri atum (Globus et aI., 1988) , and cerebral cortex (Shi mada et aI., 1989) . Treatment with glutamate antag onists has been shown in rats (Park et aI., 1988a) , rabbits (George et aI., 1988; Steinberg et aI., 1988) , and cats (Park et aI., 1988b) to be effective if started after rather than before onset of ischemia. It is of particular interest that in the same rat model in which infarction was shown to be completed after 3 h of ischemia using transient occlusion followed by reperfusion (Kaplan et al., 1991) , treatment with the N-methyl-D-aspartate (NMDA) antagonist MK-801 reduced infarct volume in permanent ischemia only if preischemic doses of 5 mg/kg were supplemented by doses of 2.5 mg/kg given 8 and 16 h after perma nent arterial occlusion (Dirnagl et aI., 1990) .
The blood flow threshold for glutamate elevation after 1 h of ischemia is � 20 ml 100 g -1 min -1 in global ischemia (Shimada et aI., 1989) and in focal ischemia (Matsumoto et aI., 1992) . At this blood flow at the functional threshold, excitotoxicity may contribute to cell death in border zones of ischemic foci if blood flow reduction is prolonged. Glutamate concentration has been followed for up to 3 h in permanent focal ischemia, and sustained elevation has been documented (Hillered et aI., 1989; Butcher et aI., 1990; Graham et aI., 1990; Matsumoto et aI., 1992) . This was explained by the disturbance of blood flow that hinders fast removal of glutamate from ischemic tissue via the bloodstream . We questioned whether high extracel lular glutamate concentrations persist in prolonged ischemia. Furthermore, we were interested in the extended temporal profile of other neuroactive sub stances, e.g., glycine or adenosine, which have been supposed to modulate the excitotoxic process (Rudolphi et aI., 1986; Von Lubitz et aI., 1988; Glo bus et aI., 1990 Glo bus et aI., , 1991 . Substrate concentrations and local blood flow were simultaneously evaluated in two areas of cat cortex, the one (auditory cortex) representing a core area of the ischemic focus, and the other (somatosensory cortex) a border zone area (Graf et aI., 1986) .
METHODS
Sixteen adult cats of either sex weighing 2.5-3.6 kg were used. Anesthesia was induced with 25 mg/kg i.m. ketamine hydrochloride. After catheterization of the left femoral artery and vein, cats were tracheostomized, im mobilized with 0.2 mg/kg i.v. pancuronium bromide, and artificially ventilated. Anesthesia was continued with 0.8-1.5% halothane in a 70%/30% N20l02 gas mixture to cir cumvent protective effects of ketamine against excito toxic and ischemic damage (Lees, 1989) . Intravenous in fusion of 2 ml/kg/h Ringer solution containing 5 mg/kg/h gallamine triethiodide for muscle relaxation was main tained throughout the experiment. Physiological variables were kept in the normal range known for awake cats (Herbert and Mitchell, 1971) . Deep body temperature was kept at 37-37SC by means of a controlled heating blan ket. Skull temperature was controlled at 37°C by means of an external heating lamp. The left MCA was exposed transorbitally, and an occluding device was implanted as described elsewhere (Graf et aI., 1986) . Craniotomies 7-10 mm in diameter were performed in the frontal bone above the left auditory cortex (A; ectosylvian gyrus) and above the front limb projection field of the left somato sensory cortex (SF; sigmoid gyrus).
After removal of the dura mater, electrodes (etched platinumliridium wire, tip diameter �5 J.Lm, shaft diame ter 1.5 mm, length <100 J.Lm, glass insulated up to 0.5 mm of the tip) were inserted under microscopic control 1.5 mm deep into the two regions A and SF using a hydraulic microdrive. The platinum electrodes measured H2 clear ance, and CBF was calculated from the initial 2 min of the clearance curves using the following formula: CBF (ml 100 g-1 min-I ) = 69.3ITI/2' Microdialysis probes (CMA/12, membrane length 1 mm, diameter 0.5 mm; Carnegie Medicin, Sweden) were perfused continuously with Ringer solution (NaCI 147.1 mM, KC14.0 mM, CaCI2 2.25 mM) at a constant flow rate of 2.0 J.Ll/mln using a microinfusion pump (CMA/100; Car negie Medicin). At 1-1.5 mm from the electrodes, mi crodialysis probes were inserted under microscopic con trol using hydraulic microdrives. The depth of insertion was adjusted to 1.5 mm. According to the experimental protocols described below, different time points of inser tion were chosen. Ten-minute samples of dialysate (20 J.LI) were divided into two lO-J.LI aliquots that were analyzed in two different HPLC systems. Amino acids were deter mined by fluorescence detection (excitatory wavelength 330 nm, emission wavelength 480 nm; RF-535 Shimazu, Japan) following precolumn derivatization with o-phthal dialdehyde and separation by a 5-J.Lm C I s-Nucleosil col umn (60 x 4.0 mm; Knauer, Germany) using a gradient elution profile (buffer A: 0.1 M sodium acetate, pH 6.95, 2.5% tetrahydrofuran, 10% methanol; buffer B: 100% methanol) at a flow rate of 1.2 ml/min (Westerberg et aI., 1988) . Purine catabolite concentrations were determined by ultraviolet detection (wavelength 254 nm; Knauer) fol lowing separation by a 5-J.Lm C I s-column (300 x 4 mm; Knauer) using an elution of 10 mM NH4H2P04/CH30H (10:1 vol/vol; pH 5.50) with a flow rate of 1.2 ml/min (Harmsen et aI., 1981) .
The following protocols were chosen for four different experimental groups: In group 1 (seven cats, but only six measurements each in A and in SF because of recording failure in two instances), electrodes and microdialysis probes were implanted, and after a 2-to 4-h stabilization period, control measurements were obtained. Thereafter, MCAO was performed, and sampling was continued for 2 h into permanent occlusion. Microdialysis probes were then removed and reinserted twice, 5 and 14 h after onset of ischemia, for I h using the hydraulic microdrives. In group 2 (three cats, sham-operated group), the same pro cedures were followed as described for group I, but the MCA was not occluded. In group 3 (three cats, five mea surements), procedures as described for group 1 were followed, with the exception that microdialysis probes were inserted only once, 14 h after MCAO, for I h. In cases of I-h sampling periods in groups 1-3, the last 10min samples were analyzed by HPLC. In group 4 (three cats, five measurements), microdialysis probes were not removed but continuously perfused throughout 15 h of MCAO.
In all groups, experiments exhibiting unstable CBF re duction after MCAO (n = 6) were excluded from the analysis. Experiments in group I (repeated insertions) were terminated by perfusion fixation with 4% parafor maldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.2); brains were taken out and immersed in 4% parafor maldehyde in 0.01 M PBS (pH 7.3) for 5-7 days, cut in 7-J.Lm sections, and stained with Mayer's hematoxylin and eosin or with cresyl violet and Luxol fast blue. Brain sections were used to examine damage caused by re peated microdialysis tube insertion. Traumatic scars !n cortical tissue produced by this procedure were � 1 mm m diameter ( Fig. 1) . This is about twice the diameter of the microdialysis probe, a relation not much different from that described by other authors after single-probe inser tion (Benveniste and Diemer, 1987) . Largely trau n:l atized or hemorrhagic cases were excluded from analysIs. Ex periments in groups 2--4 were terminated by intravenous injection of KCI.
. Statistical analysis was performed usmg one-or two way analysis of variance (ANOV A) in combina�io � with Student's t test to test significance (p < 0. 05) withm and between groups, respectively (CSS; StatSoft Inc., U.S.A.).
RESULTS
Following MCAO, local blood flow dropped sig nificantly in both cortical areas (Fig. 2 ). CBF reduc tion was more pronounced in A than in SF and per sisted at almost the same level throughout the 15-h period of ischemia.
Amino acid evaluation in dialysate ( Fig. 3 ) showed increased extracellular concentrations of the excitatory amino acids aspartate and glutamate but also of glycine and -y-aminobutyrate (GABA) after MCAO. The increase of mean values during ischemia reached significant levels in A but not in SF because in the latter area, blood flow reduction and amino acid elevation were more variable. Amino acid concentrations in dialysate remained high during the 15-h period of ischemia, and, in the case of glycine, the increase seemed to be progres sive. In sham-operated control cats, amino acid concentrations were not altered during the pro longed observation period.
Dialysate concentrations of purine catabolites ( Fig. 4 ) increased also in both areas following MCAO, and significant elevations were obtained in 
Bar graph of regional CBF changes (mean + SO) during control (C) and during permanent middle cerebral ar tery occlusion. Data were obtained from auditory (A; n = 6) and from somatosensory (SF; n = 6) cortices of seven cats that underwent repeated microdialysis probe insertion. (_), significantly different from control (one-way analysis of vari ance, p < 0.01).
A. Elevated levels of hypoxanthine persisted during almost 15 h of permanent occlusion. Inosine, in contrast, peaked at -1 h after occlusion and then decreased slowly until, at the end of the experi ment, control levels were almost reached. Adeno sine peaked even earlier (30 min after occlusion) and decreased thereafter. Control levels of adeno sine were already reached 2 h after occlusion. Comparison of final (15 h post MCAO) dialysate concentrations obtained after repeated probe inser tion in group 1 with those obtained at the same time point but after single I-h insertion in group 3 re vealed similar substrate levels (Table 1) . In partic ular, neuroactive amino acids aspartate, glutamate, glycine, and GABA showed high, and adenosine showed low, concentrations. In contrast, 15-h val ues of all investigated substances were low after long-term continuous perfusion of microdialysis probes in group 4 if compared with 15-h values in group 1 and in group 3 (Table 1) . Thus, substrate washout cannot be neglected during prolonged sam pling, and microdialysis using repeated insertion more reliably reflects the time course of substrate alterations in prolonged ischemia.
CBF reduction at 1 h was related to substrate elevation at 1, 6, and 15 h after MCAO of the neu roactive substances glutamate, glycine, GABA, and adenosine ( Fig. 5) . One hour after ischemia, flow thresholds for glutamate and GABA amounted to -20 ml 100 g-I min -1, while the threshold for gly cine was lower «10 ml 100 g-I min -1) and that for adenosine was slightly higher (-25 ml 100 g-I min -1) . Six and 15 h after onset of ischemia, con centrations of glutamate, GABA, and particularly glycine were elevated at higher residual blood flows (>20 ml 100 g� 1 min � I). The relation between adenosine elevation and CBF cannot be determined at these late time points since this substrate in creases only transiently (see Fig. 4 ).
DISCUSSION
The results obtained with repeated substrate analysis of dialysate indicate that excitotoxic pro cesses play a role throughout focal ischemia of 15-h duration. Concentrations of glutamate and of gly cine, which are considered to cause or enhance ex citotoxicity (Benveniste et aI., 1984; Hagberg et aI. , 1985; Shimada et aI., 1989) , remain elevated or, in the case of glycine, increase progressively during ischemia. In contrast, the accumulation of adeno sine, which may protect the brain against glutamate toxicity (Hagberg et aI., 1987; Hillered et aI., 1989) , is restricted to the first hour after arterial occlusion. In mildly ischemic or oligemic (>20 ml 100 g� 1 min � I) cortical areas, glutamate and glycine con centrations rise later after MCAO, indicating that the role of excitotoxicity in prolonged focal isch-emia may be of particular importance in border zone areas of the developing infarct.
Methodological considerations
CBF levels remained almost stable throughout the experiments, and slight increases or decreases of CBF seen during MCAO were mostly transient. It has been shown that electrode implants consist ing of platinum or other nontoxic metals last for several months (Lemon, 1984) . Brain damage is small; CBF reduction and cortical spreading de pressions after electrode insertion are minimal if electrodes are thin (diameter 50-100 j.Lm) (Verhae gen et aI. , 1992). In the present study, etched elec trodes had a maximal diameter of 100 j.Lm at 1-to 1.5-mm length, and at the tip, they were only a few microns thick.
Repeated insertion of microdialysis probes with subsequent HPLC analysis of neuroactive sub stances was, in our experience, the least problem atic way to investigate alterations of substrate con centrations in prolonged ischemia. It is obvious that continuous dialysis would be superior since consec- most at control levels 15 h later (group 4; Table 1) . Similarly, concentrations of nontransmitter amino acids such as glutamine, serine, and arginine (data not shown) decreased in this group during the early phase of ischemia. These findings contrast with re sults obtained 15 h after MCAO and following either single or repeated probe insertion (groups 1 and 3; Table 1 ). In both groups, elevations of neuroactive substances found early (1-2 h) after MCAO either persisted throughout the observation period or even increased (e.g., glycine). We suspect that the early decrease of dialysate concentrations during contin uous measurement in ischemic tissue is due to drainage of substrates from relatively large brain areas in the vicinity of the probe across the dialysis membrane. Since whole-tissue concentrations of, e.g. , glutamate, are high compared with the abso lute amounts of substrate washed out by microdial ysis, substrate decrease seen with continuous dial ysis does probably not result from emptying tissue stores. Upon probe insertion into normal tissue, substrate concentrations in dialysate settle slowly to constant levels. Primary substrate elevation and subsequent decrease reflect the evolution of con centration gradients from the tissue to the solution within the probe (Benveniste, 1989; Bungay et aI., 1989; Benveniste and Hiittemeier, 1990 ) rather than trauma caused by insertion of the probe. In vitro studies have shown that the time needed to reach constant levels is in the range of 1 h (Benveniste, 1989) . In ischemic tissue, concentration gradients across the dialysis membrane, in particular those for neuroactive substances, are much steeper than in normal tissue since concentrations of these sub stances are elevated. As a consequence of the en larged gradient, drainage of substrates is increased. Since extracellular homeostasis is disturbed in isch emic tissue, we suspect that high substrate washout caused by the steep gradient is not compensated for over prolonged periods. Furthermore, it seems im possible to avoid this washout by reducing the flow rate in the dialysis system, since washout is a con sequence of absolute recovery, and this, contrast ing with relative recovery, is influenced only if the flow rate is lowered below 0.1 I.Ll/min (Benveniste, 1989 Substrate concentrations are expressed as fJ.mollL (means ± SD). Data were taken from auditory and somatosensory cortices exhibiting severe ischemia (CBF < 16 miiOO g-I min-I). For abbreviations see the text.
Statistical differences were calculated as follows: within-group comparison of measurements after MeAO with control measurements (time 0) using one-way ANOVA (ap < 0,05); between-group comparison of values obtained at different time points in group 1 with correlating values in group 4 using two-way ANOVA ( b p < 0,05); between-group comparison of values obtained 15 h after MeAO in group 4 with correlating values in groups I and 3 using t test (Cp < 0,05). Note: Substrate concentration 15 h after MeAO are much lower following continuous microdialysis and for substances that show highest ischemic long-term elevations (aspartate, glutamate, glycine, GABA, and hypoxanthine). Differences were significant between group 4 (continuous microdialysis) on the one side and groups 3 and/or I on the other side.
of 1 h were needed to reach fairly constant levels after probe insertion (see above). Consequently, samples obtained 50-60 min after probe insertion were analyzed for representation of ischemic dialy sate concentrations. The values at late time points after MCAO (6 and 15 h) may even underestimate "real" values if compared with the values obtained during the first hours after occlusion since the most dramatic elevation of substrates occurs during the early period. As a consequence of this elevation, new (steeper) gradients have to develop across the microdialysis membrane, similar to those gradients that develop after probe insertion. Values obtained immediately after MCAO may therefore overesti mate accumulation to some extent, particularly if substrate accumulation is fast. In the setting of our experiments, however, the possibility cannot be ex cluded that trauma due to probe insertion in com bination with ischemia may in part add to sustained amino acid elevation.
Platinum electrodes were inserted before the di alysis probes and stayed in the tissue throughout the experiments. This permitted us to follow elec trocorticographic activity, which was only slightly influenced by repeated insertion of microdialysis probes. As shown in sham-operated animals of group 2 (see Figs. 3 and 4) , repeated insertion per se did not elevate extracellular glutamate. Similar re sults were also reported by Nilsson et al. (1990) . Furthermore, repeated insertion resulted in tissue traumatization (see Fig. 1 ) not much larger than that described by other authors for single insertion of microdialysis tubes (Benveniste and Diemer, 1987) . In conclusion, it should be emphasized that extra cellular substrate concentrations cannot be quanti tatively evaluated by the microdialysis technique. However, reliable estimates can be obtained even in prolonged ischemia if excessive washout of sub strates is avoided, e.g., by repeated insertion of mi crodialysis probes and consecutive HPLC analysis.
Ischemic penumbra in prolonged ischemia: delayed expansion due to sustained elevation of excitotoxins?
In the concept of the ischemic penumbra, zones of ischemic foci have been characterized by electri cal failure with preserved ion homeostasis at neu ronal membranes (Astrup et al. , 1977) . The upper and lower CBF thresholds have been reported to be 12 and 20 ml l 00 g-I min -I, respectively (Astrup et al. , 1977; Heiss, 1983) . It has also been shown that zones with penumbral conditions decrease over time (Bolander et al. , 1989) , but the question of whether brain areas initially at penumbral condi tions are finally damaged or not has still not been answered satisfactorily. Recently, accumulation of glutamate was found already under penumbral con ditions with a CBF threshold of �20 ml 100 g-I min-I (Shimada et al., 1989; Matsumoto et al., 1992; Veda et al. , 1992) . Glutamate toxicity may therefore play a role in the conversion of penumbra to infarction. The early appearance of adenosine in areas with residual blood flow above 20 ml 100 g-I min -1 (CBF threshold for adenosine accumulation: 25 ml 100 g -I min -I) indicates that neurons in these brain areas are exposed to subcritical energy deple tion (Matsumoto et al. , 1992) , since adenosine in the extracellular space is known to be derived from A TP breakdown (Hagberg et al., 1987) . In pro longed ischemia, glutamate is elevated in areas with residual flows above 20 ml 100 g -I min -I, resulting in a shift of CBF threshold values for glutamate to higher values. Since elevation of both glutamate and adenosine depends upon the severity of isch- emia, gradients of these substrates develop in the brain according to CBF gradients in focal ischemia (Brans ton et aI., 1974; Graf et aI., 1986) . Because of these gradients, areas under mild energetic stress are probably adjacent to areas already intoxicated by glutamate, and a possible explanation for the shift of the glutamate threshold with duration of ischemia is a slow invasion of this toxic substance into adjacent areas. This view is supported by the results presented in Fig. 5 , which show that amino Vol. 13, No.4, 1993 acid concentrations increase above a CBF of 20 ml 100 g -I min -I only at the later time points of pro longed ischemia (6 and 15 h after occlusion). Under subcritical conditions, neurons have been shown in vitro to be more susceptible to glutamate toxicity (Kohmura et aI., 1989) , and neurons may die when exposed to glutamate for several hours, even if the concentration is not high enough to produce acute damage (Choi, 1991) . Thus, a cascade-like iterative process may be initiated in ischemic border zone areas, which is stopped only in brain regions having residual CBF high enough for sufficient glutamate drainage.
Since only experiments with constant CBF re duction over the 15-h period of ischemia were in cluded in our analysis, glutamate levels have to be attributed solely to the duration of ischemia. This is also true for other substances, in particular for gly cine, which seemed to increase progressively with time in the ischemic focus. This amino acid is an essential factor for augmentation of glutamate induced Ca2+ channel opening at the NMDA recep tor site (Kleckner and Dingledine, 1988) , one mech anism by which glutamate toxicity is achieved (Rothman and Olney, 1986; Siesjo and Bengtsson, 1989) . Glycine increases in global ischemia, partic ularly in selectively vulnerable brain regions (Glo bus et aI., 1990 (Glo bus et aI., , 1991 , and the glycine blocker HA966 has been shown to protect against ischemic injury (Patel et aI., 1989) . On the other hand, sub stances putatively counteracting glutamate either remained constant (GAB A) or decreased early after arterial occlusion (adenosine).
Treatment with noncompetitive channel-active glutamate antagonists is effective if started after the onset of ischemia (George et aI., 1988; Park et aI., 1988a,b; Steinberg et aI., 1988) . Dirnagl et ai. (1990) report that effective reduction of infarct volume in permanent rat MCAO was achieved with the NMDA antagonist MK-801 only if preischemic treatment was supplemented by additional doses given 8-12 h after the onset of ischemia. The effec tiveness of such "late" treatment could be easily explained by the described time course of excito toxin accumulation in ischemic border zones during prolonged focal ischemia.
Several results, therefore, support the hypothesis that excitotoxicity is an important factor for deteri oration of brain areas in penumbral conditions. Dur ing prolonged ischemia, critical conditions expand into brain areas that are oligemic during the early phase of ischemia. The question of whether the evo lution of infarcts is related to sustained elevation of excitotoxic substances cannot be answered defi nitely by the present study, but only by detailed his tological analysis in addition to quantitative evalua tion of substrates involved in the excitotoxic process.
